Abstract. During the wet season of 2010, yellow fever virus (YFV) was detected in field-collected mosquitoes in the Ké dougou region in southeastern Senegal. During this outbreak, we studied the association of the abundance of YFV-infected mosquitoes and land cover features to try and understand the dynamics of YFV transmission within the region. In total, 41,234 mosquito females were collected and tested for virus infection in 5,152 pools. YFV was detected in 67 pools; species including Aedes furcifer (52.2% of the infected pools), Ae. luteocephalus (31.3% of the infected pools), Ae. taylori (6.0% of the infected pools) and six other species (10.4% of the infected pools) captured in September (13.4%), October (70.1%), and November (16.4%). Spatially, YFV was detected from mosquitoes collected in all land cover classes but mainly, forest canopies (49.2%). Human infection is likely mediated by Ae. furcifer, the only species found infected with YFV within villages. Villages containing YFV-infected mosquitoes were significantly closer to large forests ( 2 ha) than villages in which no infected mosquitoes were detected.
INTRODUCTION
Yellow fever virus (YFV; Flaviviridae: Flavivirus) infects primates (humans and monkeys) in tropical areas of Africa and Latin America and causes hemorrhagic fever in these hosts. [1] [2] [3] YFV is transmitted to vertebrates mainly by the bite of infected mosquitoes. Despite the availability of a safe and efficacious vaccine, there are still an estimated 200,000 annual cases of yellow fever, causing 30,000 deaths. 4 The number of reported cases of yellow fever within countries and the number of countries reporting cases is rising in Africa. Changes in the epidemiological pattern of YFV transmission in East Africa are supported by the recent increase of the frequency of yellow fever outbreaks in Sudan, Kenya, Uganda, and Ethiopia between 2003 and 2013 [5] [6] [7] [8] (after nearly 40 years of silence). Outbreaks were also recorded from 2007 to 2009 in West Africa in areas that had not confirmed cases in decades. [9] [10] [11] After the yellow fever epidemic reported in 1965 in Diourbel, Senegal, 12 a surveillance program of annual mosquito collections for virus isolation was set up in 1972 in Ké dougou in southeastern Senegal to study the epidemiology and ecology of YFV and vectors. The main findings of this longitudinal study include identification of YFV vectors, discovery of the sylvatic cycle in this region, and characterization of the temporal pattern of YFV detection.
Furthermore, this program had important public health implications, because YFV emergences in Ké dougou were generally followed by other outbreaks in western Senegal [13] [14] [15] [16] and other West African countries. Thus, the Ké dougou surveillance was considered as a YFV forecasting tool in West Africa. 17 Despite these significant advances, the mechanisms of emergence and maintenance of YFV remain poorly understood. An important question is whether the periodic YFV appearances and disappearances represent cycles of permanent enzootic transmission or reintroduction from other parts of West Africa.
In 2009, a tripartite research program designed to monitor the dynamics and mechanisms of arthropod-borne virus (arbovirus) infection in mosquito vectors, non-human primates, and humans in southeastern Senegal was initiated. The environmental factors that influence the abundance, distribution, and infection of mosquito vectors that participate in the sylvatic cycles of arboviruses, including chikungunya (CHIKV), dengue virus 2, and YFV, were investigated in this area starting in June of 2009. We recently reported the distribution and abundance of adult mosquitoes potentially involved in the enzootic cycle of CHIKV as well as their levels of infection in the five most abundant land cover classes (forest, savannah, agriculture, barren, and village) found in an area of 1,650 km 2 around the town of Ké dougou. 18 Potential vectors were collected in each of the land cover classes, but Aedes furcifer was the only species that occurred in all land cover classes and also entered villages to feed on humans. This species was considered to be the most important bridge vector between sylvatic amplification hosts and human populations during the 2009 CHIKV outbreak. During the 2010/2011 rainy season, an amplification of YFV occurred in the same area. Here, we describe the spatial and temporal patterns of this YFV amplification.
MATERIALS AND METHODS
Study area. The study was undertaken in the Ké dougou region, southeastern Senegal (12 33 N, 12 11 W) at the border with both Mali and Guinea (Figure 1 ). The area is hilly and contrasts with the low flat plain that constitutes the rest of Senegal. The Ké dougou region receives 1,200-1,300 mm annual rainfall, with a single rainy season from May and June to October and November. Mean daily temperatures vary from 33 C to 39.5 C during the year. Ké dougou is in a transition zone between the dry tropical forest and the savannah belt. Relics of forests, gallery forests along rivers, and savannahs constitute the natural vegetation. Deforestation for cultivation, gold mining, and human habitation has greatly reduced the forested area.
The human population of the region is ca. 80,000, and 55% of the population is under the age of 20 years. It is primarily rural area (84%) with a low density of inhabitants (four inhabitants per 1 km 2 ) mostly living in small, dispersed villages averaging 60 inhabitants. The economy depends on agriculture and cattle farming along with hunting, gathering, and harvesting wood for crafts, which result in human contact with forests.
Mosquito sampling. The mosquito sampling protocol was extensively described by Diallo and others. 18 Briefly, an area of 1,650 km 2 (30 km in the north to south direction and 55 km in the east to west direction) of the Ké dougou region (Figure 1 ) was divided into 10 blocks. In each block, the five major land cover classes were classified as forest, barren, savannah, agriculture, and village by remote sensing and geospatial analyses. 18 Mosquitoes were sampled by human landing collections, the only effective method for collecting sylvatic Aedes and the most appropriate method for determining the risk of human infection. Collections were performed two times per month by teams of three collectors capturing specimens landing on their legs and working simultaneously in forest canopy, forest ground, savannah, agriculture, village indoor, village outdoor, and barren areas from 18:00 to 21:00 hours (based on previous data on host-seeking periodicity). 19 In each village, mosquito sampling was conducted by six landing collectors per evening. Five houses were selected in the village following a transect going from one border to the opposite through the center (one house in the center, one house in each of the borders, and one house between each border and the center). Each sampling evening, one indoor collector and one outdoor collector were positioned in each house. The collectors were positioned extending in one direction from the center to the border in three houses on the first sampling night and the opposite direction on the second sampling night to avoid bias caused by possible vector confinement within the village. Captures occurred monthly for two consecutive nights per site from May of 2010 to March of 2011. Captured mosquitoes were frozen, sorted on a chill table using morphological keys [20] [21] [22] [23] [24] [25] [26] into monospecific pools, and frozen in liquid nitrogen for viral detection processing.
Determination of parity. For each land cover class and each sampling evening, the ovaries from a sample of a maximum of 10 specimens of the unengorged mosquito vectors (Ae. furcifer, Ae. taylori, and Ae. luteocephalus) were dissected on a slide containing distilled water. The degree of coiling of ovarian tracheoles was then observed to determine whether the female was parous or nulliparous. 27 Detection of virus in mosquito pools. Monospecific mosquito pools were homogenized in 2.5 mL Leibovitz 15 (GibcoBRL, Grand Island, NY) cell culture medium containing 20% fetal bovine serum (FBS) (GibcoBRL) and centrifuged for 20 minutes at 10,000 + g at 4 C. For the homogenate, 1 mL supernatant was inoculated into AP61 (Ae. pseudoscutellaris mosquito) or Vero African green kidney cells as described previously. 28 Cells were incubated at 28 C (AP61) or 37 C (Vero), and cytopathic effects were recorded daily. Within 10 days, slides were prepared for immunofluorescence assay (IFA) against seven pools of immune ascitic fluids specific for most of the African mosquito-borne arboviruses. Viruses were identified by complement fixation and seroneutralization tests by intracerebral inoculation into newborn mice, which was approved by the University of Texas Medical Branch Institutional Animal Care and Use Committee.
For the real-time reverse transcriptase polymerase chain reaction (RT-PCR) assay, 100 μL supernatant were used for RNA extraction with the QiaAmp Viral RNA Extraction Kit (Qiagen, Heiden, Germany) according to the manufacturer's protocol. RNA was amplified using an ABI Prism 7000 SDS Real-Time apparatus (Applied Biosystems, Foster City, CA) using the QuantiTect kit (Qiagen, Hilden, Germany). The 25 μL reaction volume contained 1 μL extracted RNA, 2 + QuantiTect Probe, RT-Master Mix, 10 μM each primer, and the probe. The primer and probe sequences used for YFV included the primers RP-YFV (GTCRRTTCTCTGCTAAT CGCTCA) and FP-YFV (ATTGAGGTGYATTGGTCTGC) and the probe P-YFV (FAM-AGTTGCTAGGCAATAAA-BBQ). The following thermal profile was used: a single cycle of reverse transcription for 10 minutes at 50 C and 15 minutes at 95 C for reverse transcriptase inactivation and DNA polymerase activation followed by 40 amplification cycles of 15 seconds at 95 C and 1 minute at 60 C (annealing extension step).
Data analysis. For analysis of the distribution of vector species among land cover classes, the landing rate (average per site of female mosquitoes per person per evening) was used as a measure of absolute abundance. Abundance data were logtransformed (log 10 [n + 1]) and analyzed using analysis of variance (ANOVA) followed by a Tukey post-hoc test. The pooled infection rate program (PooledInfRate, version 3.0; Center for Disease Control and Prevention, Fort Collins, CO; http://www.cdc.gov/ncidod/dvbid/westnile/software.htm) was used to calculate minimum field infection rates per 1,000 mosquitoes tested and the 95% confidence intervals for the species found positive for YFV. The entomologic inoculation rate defined as the number of infected mosquito bites per human per evening, month, or transmission season (September to November) was also calculated. Differences of frequencies between groups were tested by the χ 2 test. All analyses were conducted using R. 29 
RESULTS
In total, 41,234 adult female mosquitoes, comprising 58 species within five genera, were collected (Table 1) , predominantly Ae. furcifer (22.3%), Ae. vittatus (16.0%), Ae. luteocephalus (14.6%), and Ae. dalzieli (13.9%). Ae. taylori (4.2%) and Ae. africanus (3.6%) composed a relatively small portion of the collection.
Seasonally, the highest landing rates were observed in July, August, and October for Ae. furcifer and July, August, and November for Ae. taylori (Figure 2 ). Ae. luteocephalus showed high landing rates from June to October, with a peak in July (Figure 2 ). Ae. furcifer was present in all land cover classes, whereas Ae. luteocephalus and Ae. taylori were collected mainly in the forest canopy and ground and totally absent indoors within villages. Ae. furcifer, Ae. luteocephalus, and Ae. taylori all showed the highest landing rates in the forest canopy (Figure 3 ), but notably, Ae. furcifer also showed high landing rates in villages.
Most mosquitoes (more than 70%) that were dissected were parous for all species ( Table 2) . The monthly parous rates of each species were significantly different (P 0.05). All species had comparable parous rates in the different land cover classes (P 0.1).
Overall, 67 of 5,152 pools tested were positive for YFV (Tables 1, 3 , and 4). The infected pools were distributed as follows: Ae. furcifer (35 pools or 52.2% of the infected pools), Ae. luteocephalus (21 pools or 31.3% of the infected pools), Ae. taylori (4 pools or 6.0% of the infected pools), Ae. africanus (2 pools or 3% of the infected pools), and Ae. dalzieli, Ae. centropunctatus, Ae. mcintoshi, Ae. vittatus, and An. funestus (1 pool each or 1.5% each of the infected pools) captured in September (9 pools or 13.4% of the infected pools), October (47 pools or 70.1% of the infected pools), and November (11 pools or 16.4% of the infected pools). Mean minimum infection rates among species differed significantly (χ 2 = 43.4, degrees of freedom [df] = 8, P 0.0001). Only infection rates of Ae. furcifer, Ae. luteocephalus, and Ae. taylori showed temporal and spatial variations (Figure 4) . The highest infection rates were observed in October for Ae. furcifer and Ae. taylori and November for Ae. luteocephalus. The difference in monthly minimum infection rates was statistically significant only for Ae. luteocephalus (χ 2 = 12.94, df = 2, P = 0.002).
Spatially, YFV was detected from mosquitoes collected in all 10 blocks sampled (A2, B1, B2, C1, C2, D1, D2, D3, E1, and E2) and all land cover classes (Figures 4 and 5 and  Table 3 ), including all 10 forest canopy sites (33 pools; 49.2%), 4 savannah sites (11 pools; 16.4%), 6 forest ground sites (7 pools; 10.4%), 4 agricultural sites (7 pools; 10.4%), 3 village sites (5 pools; 7.5%), and 2 barren sites (4 pools, 6.0%). There were no significant differences among sampling blocks (χ 2 = 4.1, df = 9, P = 0.9); however, there was a significant association between land cover classes and the presence of YFV (χ 2 = 25.1, df = 6, P = 0.003). To assess the impact of proximity to forests on human exposure to YFV, villages were coded as either positive (produced at least one YFV-positive mosquito pool) or negative (produced no positive pools) for YFV. Distance and forest size data were log-transformed to render them normally distributed. Positive villages were significantly closer to large ( 2 ha) forests (mean distance = 445 m, SE = 289) than negative villages (mean distance = 1,418 m, SE = 189; t test, df = 8, t = −2.82, P = 0.02).
Differences of mean minimum infection rates among different land cover classes were not statistically significant for Ae. furcifer (χ 2 = 4.2, df = 5, P = 0.5) and the whole mosquito set (χ 2 = 8.0, df = 5, P = 0.2) but were significant for Ae. luteocephalus (χ 2 = 9.2, df = 3, P = 0.03) and Ae. taylori (χ 2 = 18.1, df = 1, P = 0.04), for which the highest mean infection rate occurred in the savannah (Figures 4 and 5B) . The temporal pattern of vector infection rate differences was statistically comparable in the different land cover classes except for Ae. luteocephalus on the forest ground (χ 2 = 10.6, An. = Anopheles; Cx. = Culex; EIR = entomologic inoculation rate (number of infected mosquito bites per person per evening); LL = lower limit of the infection rate; LR = landing rate (number of mosquitoes captured per person per evening); Ma. = Mansonia; MIR = infection rate (estimated number of positive mosquitoes per 1,000 mosquitoes tested); UL = upper limit of infection rate. df = 1, P = 0.001), where infection rate was significantly higher in November ( Table 4 ).
Assuming that infected mosquitoes were capable of transmission, the highest mean entomological inoculation rate was generated by Ae. furcifer (3.6 infectious bites between September and November) followed by Ae. luteocephalus (1.8 infectious bites between September and November) and Ae. taylori (0.4 infectious bites between September and November) ( Table 4) . YFV infectivity was found in Ae. luteocephalus and Ae. furcifer in September (0.6 infectious bites each), all three species in October (2.4 infectious bites for Ae. furcifer, 0.9 infectious bites for Ae. luteocephalus, and 0.3 infectious bites for Ae. taylori), and Ae. luteocephalus (0.6 infectious bites) and Ae. taylori (0.3 infectious bites) in November (Figure 4) . Spatially, the highest inoculation rates were observed in the forest canopy in September by Ae. luteocephalus (3.3 infectious bites) and the forest canopy in October by Ae. furcifer (5.4 infectious bites). Between September and November, results suggest that primates in the forest canopy might have received at least 7.9, 7.9, and 1.3 infectious bites from Ae. furcifer, Ae. luteocephalus, and Ae. taylori, respectively. This monkey may have received between 0 and 25.5 infectious bites from Ae. furcifer, between 0 and 15.3 infectious bites from Ae. luteocephalus, and between 0 and 5.2 infectious bites from Ae. taylori depending on the specific canopy site. When all three vectors are taken into account, the inoculation rate varied between 5.2 and 30.5 infectious bites depending on the canopy site. Only Ae. furcifer was implicated as potentially involved in the transmission within villages; a villager may have received at least 0.78 infectious bites from this species during the 
DISCUSSION
Among the different land cover classes investigated (forest canopy, forest ground, savannah, barren, agriculture, village indoor, and village outdoor), the forest canopy was the only type for which all sites surveyed were positive for YFV. Moreover, several primate species infected by the virus in the Ké dougou area and elsewhere in Africa feed and sleep in the forest canopy. 17, 30 Together, these observations suggest a sylvatic origin of the virus amplification.
The amplification was first detected in 4 of 10 forest canopies surveyed, reached its maximum in October when the virus was found in all 10 forest canopies, and was last detected Forest canopy  87  149  229  465  10  17  20  47  0  1  2  3  Forest ground  6  7  9  22  2  5  4  11  0  0  0  0  Savannah  5  1  6  5  1  6  0  1  0  1  Barren  3  3  21  27  1  3  7  11  0  0  0  0  Agriculture  4  4  3  3  0  0  0  0  Village  1  4  1  6  1  2  1  4  0  0  0  0  Total sites  97  172  261  530  14  35  33  82  0  2  2  4  Total main vectors  Forest canopy  985  1,736  516  3,237  50  89  55  194  7  18  6  31  Forest ground  176  512  34  722  18  42  15  75  1  4  2  7  Savannah  79  244  31  354  22  32  7  61  0  7  1  8  Barren  110  187  48  345  18  28  18  64  0  3  0  3  Agriculture  50  200  31  281  12  25  6  43  0  6  0  6  Village  107  357  30  494  15  31  11  57  0  5  0  5 in 4 forest canopies different from the ones in which the amplification was first detected. This scenario suggests two possible patterns of amplification. In the first scenario, the virus emerged in a subset of forest canopy sites, was amplified, and spread broadly across forest canopies in the region. It is important to note here that such canopies are not continuous but occur in discrete patches. 31 Dissemination of YFV from initial sites of emergence could be the result of the movement of viremic vertebrates and/or infected mosquito vectors. This hypothesis is consistent with early studies suggesting that permanent enzootic foci of YFV do not exist in West Africa and that the virus is continually moving in the form of traveling epizootic waves. 30, 32 Furthermore, a study on the spread of YFV along major rivers in West Africa concluded that the virus is enzootic in the forest area and maintained in traveling sylvatic waves. 33 The second possible scenario is that enzootic YFV was broadly distributed across forest canopies before its amplification but that sites differed in the dynamics of amplification because of some relevant factor, such as density of mosquito eggs, monkey density, or microclimate, such that the virus was detectable at some sites before other sites.
YFV was isolated only between September and November in this study, confirming its seasonal pattern of transmission, which has been described for other sylvatic arbovirus amplification observed in previous outbreaks in the region. 17, 18, 34 Although mosquitoes were abundant in July and August of 2010, no positive pools were identified, indicating that the virus was either absent or present at extremely low prevalence in vectors before September of 2010.
Our study highlights that the highest risk of human exposure in this amplification peaked in October. October is the month when most of the sites, including villages and agricultural fields, contained YFV-infected mosquitoes. The virus was detected in mosquitoes in only 30% of villages surveyed, indicating spatial variation in human risk of infection by mosquito vectors within villages. These data are consistent with the results in the work by Cornet and others, 30 which showed that the 1977 YFV amplification, showed by a collection of infected mosquitoes, was not uniform among villages. In contrast, Traore-Lamizana and others 17 detected infected mosquitoes during the 1993 YFV amplification in all four villages investigated, although the sample size, in terms of numbers of villages, in this latter study was very small. Importantly, we showed an association of YFV positivity for villages with proximity of villages to large forest. This key finding will allow for spatial delineation of the risk of people for exposure to sylvatic yellow fever and be useful for the most efficient targeting of control measures.
We isolated YFV mainly from Ae. furcifer, Ae. taylori, and Ae. luteocephus. This virus was also isolated only from these same three species in the 1993 YFV outbreak in southeastern Senegal, 17 and they were also implicated as the main YFV vectors in the 1977 sylvatic outbreak in this region. 19 It is noteworthy that these vectors reached very high parity rates just 3 months after the beginning of the rainy season, indicating high survival rates and a favorable environment for arbovirus amplification in all the land cover classes surveyed. The longer vectors live, the higher the probability that they will be able to transmit arboviruses. The amplification 35 Possible YFV vectors in East/Central Africa include Ae. simpsoni/bromeliae, Er. chrysogaster, Ae. dentatus, Ae. keniensis, Coquillettidia fuscopennata, Amblyomma variegatum, and Phlebotime species. 36 Four species, Ae. dalzieli, Ae. centropunctatus, Ae. mcintoshi, and An. funestus, were associated with YFV for the first time in this investigation. These new associations are probably a consequence of the wider spatial and seasonal scope of our study compared with previous studies of YFV in the Kédougou area.
The frequency of YFV infection in Ae. furcifer and Ae. luteocephalus suggests that they should be considered the principal vectors for sylvatic YFV. However, some important differences were observed in their specific role in the cycle. Ae. furcifer was found to be infected at equal rates in all land cover classes investigated, whereas infected Ae. luteocephalus occurred mainly in forest and savannah. These distributions indicate that Ae. luteocephalus was probably only an epizootic vector responsible for the transmission of the virus among monkeys in the canopies, whereas Ae. furcifer was responsible for transmission within villages. Ae. furcifer acted also, like Ae. luteocephalus, as an epizootic vector in addition to its role as bridge vector, transporting the virus from the forest canopy to villages located within it flight range. This species was the only vector that commonly contacted humans within the villages and was found infected within villages during this amplification. This result is concordant with previous reports on outbreaks of sylvatic YFV, dengue virus 2, and CHIKV in southeastern Senegal 17, [37] [38] [39] and Burkina Faso. 40 Despite its lower entomological inoculation rate, Ae. taylori likely also serves as an epizootic vector in the forest canopy.
Ae. aegypti has always been the main or sole incriminated vector in urban YFV epidemics in central and western Senegal, [12] [13] [14] but it has never been found infected in southeastern Senegal. 17, 18, 30, 34 The lack of infectivity may be explained by the behavior of this species, which lives in domestic environments and is highly anthropohilic in central and western Senegal; however, in southeastern Senegal, it may live in domestic and sylvatic environments but is minimally attracted to humans, even in some previous 25-hour collections. 18, 19, 41 The vector competence of the southeastern Senegalese population of Ae. aegypti for YFV has never been tested.
A limited study on the host feeding patterns of the three major YFV vectors discussed above in the Ké dougou area showed that only Ae. taylori had fed on monkeys and that most Ae. luteocephalus and Ae. furcifer had fed, surprisingly, on birds. 42 These three species also fed on other mammals, including cows, humans, and duikers. These feeding patterns and the fact that YFV was first detected in Ae. luteocephalus and Ae. furcifer in the amplification suggest the possibility of a secondary transmission cycle involving other vertebrates. Ae. luteocephalus and Ae. furcifer have been found infected with some arbovirus, like Bouboui and Chikungunya, that were also associated with several vertebrates species other than primates. 35 In conclusion, the current study evidenced a widespread outbreak of epizootic YFV in southeastern Senegal, with predominant circulation in forest canopies and variable frequency in all other land cover classes, including villages. The study highlights the importance of Ae. luteocephalus as an epizootic vector of YFV and supports the role played by Ae. furcifer as an epizootic vector of YFV and an important bridge vector to humans in the area. In addition, later yellow fever outbreaks were reported in Sierra Leone, Cote d'Ivoire, Ghana, and Cameroon in 2011 and Gambia, Chad, Republic of Congo, and Sudan in 2012. 43 These patterns support the usefulness of the Ké dougou surveillance program as a forecasting tool for YFV elsewhere in Africa. 
